We recorded in the CAl region from hippocampal slices of prion protein (PrP) gene knockout mice to investigate whether the loss of the normal form of prion protein (PrPC) affects neuronal excitability as well as synaptic transmission in the central nervous system. No deficit in synaptic inhibition was found using field potential recordings because (i) responses induced by stimulation in stratum radiatum consisted of a single population spike in PrP gene knockout mice similar to that recorded from control mice and (ii) the plot of field excitatory postsynaptic potential slope versus the population spike amplitude showed no difference between the two groups of mice. Intracellular recordings also failed to detect any difference in cell excitability and the reversal potential for inhibitory postsynaptic potentials. Analysis of the kinetics of inhibitory postsynaptic current revealed no modification. Finally, we examined whether synaptic plasticity was altered and found no difference in long-term potentiation between control and PrP gene knockout mice. On the basis of our findings, we propose that the loss of the normal form of prion protein does not alter the physiology of the CAl region of the hippocampus.
ABSTRACT
We recorded in the CAl region from hippocampal slices of prion protein (PrP) gene knockout mice to investigate whether the loss of the normal form of prion protein (PrPC) affects neuronal excitability as well as synaptic transmission in the central nervous system. No deficit in synaptic inhibition was found using field potential recordings because (i) responses induced by stimulation in stratum radiatum consisted of a single population spike in PrP gene knockout mice similar to that recorded from control mice and (ii) the plot of field excitatory postsynaptic potential slope versus the population spike amplitude showed no difference between the two groups of mice. Intracellular recordings also failed to detect any difference in cell excitability and the reversal potential for inhibitory postsynaptic potentials. Analysis of the kinetics of inhibitory postsynaptic current revealed no modification. Finally, we examined whether synaptic plasticity was altered and found no difference in long-term potentiation between control and PrP gene knockout mice. On the basis of our findings, we propose that the loss of the normal form of prion protein does not alter the physiology of the CAl region of the hippocampus.
Scrapie and bovine spongiform encephalopathy of animals as well as Creutzfeldt-Jakob disease of humans are neurodegenerative disorders caused by prions (1, 2) . During the disease process, the cellular isoform of prion protein (PrPC) is posttranslationally modified to an abnormal or scrapie isoform designated as PrPSc (3) (4) (5) . A wealth of data indicates that PrPSc is required for the transmission and pathogenesis of the prion diseases (6) (7) (8) (9) . In contrast, the physiological function of the normal host protein PrPC remains obscure, although elucidating its function might help explain the pathogenesis of prion diseases (for review, see ref. 10 ). The PrP gene was disrupted by homologous recombination, and homozygous PrP gene knockout mice (Prnp°/0) were found to develop normally (11) .
In addition, histologic and behavioral studies failed to show any abnormalities. However, it has been recently reported that hippocampal slices from Prnp0/0 mice have defects in y-aminobutyric acid type A (GABAA) receptor-mediated synaptic inhibition and long-term potentiation (LTP) (12) (13) (14) . These findings seemed of considerable importance, not only in providing clues to the physiological role of PrPC and elucidating the pathological changes that underlie the epileptiform activity seen 'in Creutzfeldt-Jakob disease but because they would make difficult the use of antisense oligonucleotides as a therapeutic strategy for combating the lethal prion diseases. We therefore compared a number of properties involved in the control of neuronal excitability in slices of the hippocampus CAl region in Prnp°/°mice and in normal mice but found no difference between the two groups. These results are consis-
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MATERIALS AND METHODS
The embryonic stem cells used for homologous recombination were from 129/Sv mice (16, 17) . A mosaic male mouse generated from introduction of the embryonic stem cells into the blastocyst was mated with female C57BL/6 mice to produce Prnp°/+ mice (11) . These Prnp0/+ mice were mated to each other to produce Prnp0/0 and Prnp+/+ animals (designated group I). These two strains were maintained by intercrossing through several generations. In parallel, the genetic background of the Prnp-ablated animals was modified by crossing the Prnp°/+ mice with wild-type FVB animals for two and four generations before brother-to-sister matings were done to obtain FVB.Prnp°/°N2F1 and FVB.Prnp°/°N4Fl (designated group II and III, respectively). Genotype of PrP gene knockout mice was checked by PCR analysis of tail DNA (8) . Our studies were carried out "blind," and the code was broken only after data analysis was completed for a given set of experiments; data generated independently from the three experimental groups were analyzed separately before being pooled.
Standard procedures for preparing and maintaining hippocampal slices were used as described (18) . Slices (400 ,um thick) were allowed to recover for at least 1 hr and then transferred individually to a submersion recording chamber where they were superfused at room temperature with artificial cerebrospinal fluid (119 mM NaCl, 2.5 mM KCl, 2.5 mM CaCl2, 1 ITo whom reprint requests should be addressed.
sities. The population spike amplitude of the evoked responses was measured between the negative peak and a line drawn on the top of the two positive peaks, whereas for the negative population EPSP, the slope was measured within the first millisecond. So that data from different slices could be compared, the E-S relationship was normalized by expressing both field EPSP slopes and the related population spike amplitudes as values relative to their thresholds (arbitrarily set at 0.1 and 10 for the population spike amplitude and the field EPSP slope, respectively). Normalized E-S curves were fitted with a sigmoidal function: bicuculline methiodide (2 ,uM) was added to the bath (Fig.  1A) . This finding contrasts with previous findings (12) in which multiple population spikes were recorded in Prnp°/°mice. To measure inhibition and the excitability of pyramidal cells more accurately, we constructed input-output curves by plotting size of the dendritic population excitatory postsynaptic potential (EPSP) versus size of the population spike recorded at the cell body layer for a series of stimulus strengths (E-S relationship; see Fig. 1B ). We have compared input-output curves in normal and Prnp°/°mice (using group I and II) by measuring the value of normalized fEPSP slope needed to produce 50% of the maximal population spike amplitude (E50) and k, a parameter inversely proportional to steepness of the curve. These values were, respectively, 33.6 ± 2.1 and 6.1 + 0.7 for control slices (n = 19 from four mice) and 31.4 ± 2.9 and 5.9 + 0.8 for Prnp0/0 slices (n = 12 from four mice). There was no significant difference between the two sets of data (P > 0.5, Student's unpaired t test). Moreover, as shown in Fig. 1B , partial blockade of synaptic inhibition in a Prnpt)/O slice by a low concentration of bicuculline methiodide (2 ,tM) caused a leftward shift in the curve and the magnitude of the shift in the E50 (6.2 ± 1.5; n = 4 from three mice) was not different from the wild type (6.7 ± 1.6; n = 4 from three mice; P > 0.5, Student's unpaired t test).
It is noteworthy that the coupling between fEPSP and amplitude of population spike is also strongly influenced by Control postsynaptic membrane properties such as the resting membrane potential and threshold for spike generation. However, while our input-output experiments should be a sensitive measure of a number of factors that control the postsynaptic excitability of pyramidal cells, we tumed to intracellular recordings using sharp electrodes to analyze these factors more directly. As illustrated in Table 1 , our intracellular recordings failed to detect any difference in resting membrane potential, input resistance, membrane time constant or firing properties measured in CAl neurons from Prnp0/0 mice (group I and II). We next measured the reversal potential for IPSPs recorded from pyramidal cells using sharp microelectrodes filled with potassium acetate (whole-cell recording could not be used for these experiments because in this case the reversal potential is determined by the anion composition of the pipette solution). Stimulation near the recording site reliably elicited IPSPs in all pyramidal cells. The voltage-current relation of the monosynaptic fast IPSP was established by shifting the membrane potential from around -110 to -50 mV (Fig. 2) (19, 20) ; therefore, one possibility that could explain the discrepancy between our results and those from others (12, 13) is the age of the animals. The age of the mice used in the latter study was not specified, and so we also carried out a study with older animals. The values that we obtained from 8-mo-old animals (group I) did not differ from one another or from the values obtained in younger animals [Elpsp = -69.5 ± 2.1 mV (n = 5) in the control slices (two mice) and -70.1 + 1.9 mV (n = 6) in the Prnp°/°slices from two mice; P > 0.5, Student's unpaired t test]. Thus, our intracellular results confirm the extracellular recordings showing that cell excitability as well as the level of synaptic inhibition are unchanged in Prnp0/0 mice. Although our experiments on the reversal potential for IPSPs were done with current-clamp recordings, whereas others (12, 13) were done with single electrode voltage-clamp, it seems quite unlikely that this could account for the discrepancy between our studies and those of other investigators. It should be pointed out that in the studies of these other investigators (12, 13), they elicited extremely large inhibitory inputs (up to (Fig. 3A and B) (22, 23) . However, no difference in the decay time constants of evoked IPSCs was observed between control and Prnp°/°mice (group II) at any membrane potential (Fig. 3B) . The rise time was also measured for both the stimulus-evoked and spontaneous IPSCs (Fig. 3 C and D) , and no difference was detected, contrary to a previous report (12) . The slower rise time for the evoked IPSCs compared to the spontaneous IPSCs presumably reflects asynchrony in the release of GABA from the large number of synapses involved in generating the response.
In another set of experiments we examined whether LTP was altered in the Prnp0/0 mice. During the experiments, we randomly interleaved, in a blind fashion, slices from control and Prnp0/0 mice (group I). Only after the experiments had been fully analyzed and plotted was the code broken. The conditioning stimulus train was given at time 0 and reliably induced LTP lasting for at least 60 min. As can be seen in Fig.  4 , no significant difference existed between the Prnp°/°and control animals, a finding that differs from recently published results in which LTP was reported to be impaired in Prnp0/0 mice (12, 14) .
Because genetic background can profoundly modify the phenotype of transgenic mice (24, 25) , we (17) C) 0 m developmental and behavioral studies in which no abnormalities were found (11) . In particular, they agree with results showing that synaptic transmission in cerebellar Purkinje cells and at the neuromuscular junction is normal in Prnp0/0 mice (26, 27) . However, they are in striking contrast to recent results, in which changes in GABAA receptor-mediated inhibition and LTP were reported in CAl hippocampal pyramidal cells (12) (13) (14) . It is possible that the differences observed between the Prnp0/0 animals and the C57BL/6, 129/Sv, and (C57BL/6 x 129/Sv)F, controls is due to the genetic background of the Prnp"/°strain maintained by inbreeding (12) (13) (14) .
Indeed, some memory tasks have been shown to be strongly influenced by genetic background (28, 29) . Further experiments will be needed to clarify this issue. Thus, the function of PrPc in the normal hippocampus, where this protein is expressed at higher levels than many other regions of the central nervous system (30) , remains enigmatic. Our results suggest that, whatever the role of PrPC might be, its absence has little or no impact on the excitability of CAI pyramidal cells as well as synaptic transmission and supports the hypothesis that it is the accumulation of PrPsc and not the loss of PrPC that is responsible for the pathology in prion diseases (9, 15) . If our findings in mice prove to be translatable to humans, then gene therapy aimed at reducing PrP expression may be a reasonable strategy in the treatment or prevention of the human prion diseases.
